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Introduction
Triazacyclononane is a small macrocycle that is easily functionalised to generate hexadentate and nonadentate ligands that give rise to thermodynamically and kinetically stable metal complexes of the d and f block elements. [1] [2] [3] [4] [5] [6] The ring nitrogen atoms act as donors and have been substituted with carboxylate, phosphonate, phosphinate, phenolate, thiolate and substituted pyridyl moieties to form a large family of well-defined C 3 symmetric complexes. Initial work concentrated on tricarboxymethyl systems 2b,3 and related triphosphinate complexes have also been examined, for example with the late d-block elements and In(III) and Ga(III). 1j,2a Nine coordinate tris-pyridylcarboxylate triazacyclononane complexes of Ln(III) ions have been reported by Latva, Mazzanti and co-workers, 1d,1e,1f,1g and were shown to exist in the solid state in a tri-capped trigonal prismatic coordination geometry. More recent variants include a series of tri-pyridylphosphinate systems that define an isostructural series across the lanthanide block. 4, 5 The hexadentate or nonadentate complexes in C 3 symmetry exist as  or  isomers, as revealed by the sign of the NCXY torsion angle, where the nature of X and Y is defined by the constitution of the ligating moiety. 7 A number of strategies exist that allow the preparation of enantiopure complexes. For example, such complexes can be synthesised through incorporation of a remote chiral centre within the ligand framework. Introduction of a stereogenic centre may occur on the macrocyclic ring 8, 9 or in the ring N substituent, leading to preferential stabilization of a particular stereoisomer. Complexes with  or  configuration are formed with partial or total stereocontrol. This approach was recently studied for the ring C-substituted series of lanthanide complexes with pyridyltricarboxylate or triphosphinate donors. 8 Complete stereochemical control has also been achieved in 9-coordinate cationic lanthanide complexes, [Ln.L(H 2 O)] 3+ , based on 12-N 4 tetra-amide ligands in C 4 symmetry. The stereogenic centre at carbon was derived from a precursor enantiopure amine, such as -methylbenzylamine.
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In this work, we have set out to prepare ligand L 1 using a similar stereochemical approach, in order to assess the degree of stereocontrol in lanthanide complex formation. By analogy with recent work, the related ligands L 2a-d were also prepared, as the introduction of the aralkynyl moiety greatly enhances the absorption characteristics of the ligand and permits efficient sensitization of Eu emission. 6 Furthermore, these complexes, and their derivatives, are attractive candidates as the basis of probes for circularly polarised emission studies, and this work underpins the development of new luminescent chiral probes. 7, [11] [12] [13] In addition, their coordination chemistry can be directly compared to the kinetically stable triphosphinate, tricarboxylate and tris-diethylcarboxamide analogues, [Ln.L 3,4,5 ], 6 ,1g,1e allowing us to deepen our understanding of ligand field effects in lanthanide complexes of high symmetry.
Results and Discussion

Ligand and complex synthesis
The parent ligand L 1 was prepared in six steps from commercially available precursors, (Scheme 1). The amide coupling reaction of 6-methylpyridine-2-carboxylic acid with S-α-methylbenzylamine 14 afforded the desired amide S-1a, in good yield. The amide, S-1a was treated with mCPBA in chloroform to give the N-oxide in 83% yield. The N-oxide, 1b, was subsequently transformed to a 6-acetoxymethyl-pyridine derivative using acetic anhydride at 120 °C. This rearrangement reaction was followed by ester solvolysis, catalysed by ethoxide, to furnish the alcohol, S-1d, in 85% yield. Mesylation under standard conditions gave S-1e, which was used directly in the next step without further purification. Alkylation of 9-N 3 was carried out using the crude mesylate in acetonitrile in the presence of K 2 CO 3 . A mixture of mono-, di-and trialkylated products was obtained and was separated by column chromatography on neutral alumina. The di-and tri-substituted S-L 1 ligands were isolated in yields of 22% and 55% respectively. Table 1) . The complexes each adopted a distorted tricapped trigonal prism structure. The distortion angle is defined by the twist of the mean plane of the 9-N 3 ring with reference to the three bound oxygen atoms of the amide, phosphinate or carboxylate groups, The crystal structures show that the major diastereoisomer of the complex derived from the enantiopure S ligand system had a  configuration (NCCN py = +36.5°) and a λ conformation for each 5-ring chelate derived from the 9-N 3 ring (NCCN = -46.9°). The europium complex derived from the enantiopure R ligand system is enantiomeric, with Λ helicity and a δ LnNCCN chelate ring conformation. The same sense of asymmetric induction was observed in tris-lanthanide Eu complexes of 2,6-picolinamides 11 and in many examples with related 12-N 4 based tetra-amides. 10, 15 In each case, the chiral amide moiety is derived from SPhCHMeNH 2 or its analogues.
Solution NMR studies
The series of lanthanide complexes of L 1 was examined by proton NMR in CD 3 OD, revealing that two C 3 symmetric species were present in each case, (Figure 2 ). The ratio of these isomers fell from 9:1 (Ce) , showing the two diastereoisomeric species in ratio 7:1, examining the most shifted axial ring protons at -6.6 and -5.2 ppm. The major species is assigned as S-), whilst the minor isomer is most likely to be S-. Ratios of isomeric species were estimated at 4.7 and 9.4T by integration and were within ±10%. In each case, for every set of resonances considered, the distance r from the proton to the Ln ion was taken from the X-ray crystallographic analysis. in water) consistent with its ICT character, and in accord with earlier work on related lanthanide complexes with carboxylate or phosphinate donors. 6,1b The position of the absorption band was particularly sensitive to solvent polarity, and there was a hypsochromic shift in solvents of lower polarity (Table 5 ). Such behaviour is consistent with the lowering of the energy of the relaxed ICT excited state in more polar protic solvents. The chloride salt complexes of L 2c and L 2d were the least soluble in water of the four complexes examined. ].
The aralkynyl chromophore acts as an efficient sensitiser of europium emission, and quantum yields in methanol were 5(±3)% for the complexes with ligands L 2a-d , ( Table 6 ). The europium emission spectrum for all of the complexes was very similar ( (Table 6) suggested that the intramolecular energy transfer step from the relaxed excited ICT state may be partially reversible, and therefore is thermally activated. As the temperature was lowered, the emission intensity increased by a factor of 5 over the range 295 to 235 K, in accord with this premise, and consistent with a suppression of thermally activated back energy transfer In water at pH 6.5, the emission quantum yields for the Eu complexes of L 2a and L 2b (X = H and CO 2 Me) were 35 and 37% respectively ( of EDTA at pH 6.5, were monitored as a function of time over a period of 7 days; after an initial 15% reduction, no significant change in intensity was observed in each case, consistent with the high kinetic stability of these systems with respect to dissociative ligand exchange.
The absorption and emission spectral behaviour of the complexes of L 2c and L 2d , absorbing at longer wavelength in protic solvents, were also sensitive to the apparent pH. In an 80/20 i PrOH/water mixture, as the apparent pH was varied, both the absorbance at 348 nm and the europium emission spectral form varied, (Figure 4 ). The spectral changes observed were completely reversible. The emission spectral changes were particularly striking and led to the appearance of additional transitions, consistent with a lowering of the symmetry around the Eu ion, and a change in the Eu coordination environment. These changes were most apparent in the J = 1 transitions around 595 nm, which evolved from a broad single manifold, to a set of three distinct transitions. For Eu complexes, three transitions are symmetry-allowed in systems lacking a C n symmetry axis. The absorption spectral change was characterized by a shift to the blue at higher pH, moving the primary absorption band from 355 to 328 nm ( Figure 5 ). Values of the apparent pK a for the ground and excited states, derived by iterative fitting of the observed spectral changes to a two-state equilibrium, were estimated to be 9.1 in each case.
Taken, together, this behaviour is consistent with deprotonation of one amide NH proton, reversibly generating an amide enolate in which the anionic oxygen is coordinated to the europium centre. Indeed, in several examples of 12-N 4 lanthanide tetra-amide complexes, similar pK a values (range 7.9 to 11.1) have been associated with amide deprotonation in aqueous media. 
Chiroptical spectral behaviour
Circularly polarized luminescence spectroscopy is a sensitive means of interrogating the excited state chirality of lanthanide complexes. In the latter case, the absolute configuration at each phosphorus is S, as is the case with this amide complex. (Table 2 and 
(S)-(2-((1-Phenylethyl)carbamoyl)pyrdin-2-yl)methyl acetate (S-1c)
The N-oxide S-1b (700 mg, 2.73 mmol) was dissolved in acetic anhydride (14 mL 
(S)-6-(Hydroxymethyl)-N-(1-phenylethyl)picolinamide (S-1d)
The ester, S-1c, (350 mg, 1.16 mmol) was dissolved in anhydrous CH 3 CH 2 OH (12 mL). A small amount of sodium metal (~ 5 mg) was added and the solution stirred at 40 °C under argon for 2 h. The solution was concentrated under reduced pressure and the residue dissolved in DCM (100 mL). The sodium salts were extracted by washing with water (1 x 25 mL) and the aqueous layer was reextracted with DCM (3 x 20 mL). The organic layers were combined, dried over 
(S)-(6-((1-Phenylethyl)carbamoyl)pyridine-2-yl)methyl methane sulfonate (S-1e)
The alcohol, S-1d, (227 mg, 0.886 mmol) was dissolved in anhydrous THF (5.5 mL) and NEt 3 (0.37 mL, 2.66 mmol) was added. The mixture was stirred at 5 °C, methanesulfonyl chloride (0.12 mL, 1.49 mmol) was added and the reaction stirred at rt for 30 minutes and monitored by TLC (silica, 100%
ethyl acetate, R f (product) 0.63, R f (reactant) 0.53). The solvent was removed under reduced pressure and the residue dissolved in DCM (25 mL) and washed with saturated aqueous NaCl solution (15 mL). The aqueous layer was re-extracted with DCM (3 x 10 mL) and the organic layers were combined, dried over MgSO 4 , filtered and the solvent removed under reduced pressure to leave compound S-1e, as a bright yellow oil, which was used directly in the next step without further Crystals of the europium complex were grown by slow evaporation of aqueous methanol (1:1 v/v) and examined by X-ray crystallography. 
S-[PrL
1
](CF 3 SO 3 ) 3 An analogous method to that for S-[EuL 1 ] 3+ using praseodymium (III) triflate (7 mg, 0.012 mmol) and the ligand S-L 1 (10mg, 0.012 mmol) in dry acetonitrile (2 mL) was followed to yield S- 
S-[NdL
1
](CF 3 SO 3 ) 3 An analogous method to that for S-[EuL 1 ] 3+ using neodymium (III) triflate (7 mg, 0.012 mmol) and the ligand S-L 1 (10mg, 0.012 mmol) in dry acetonitrile (2 mL) was followed to 
S-[ErL
R-[EuL
6-(Hydroxymethyl)-4-iodopicolinic acid (S-2a)
Methyl 6-(hydroxymethyl)-4-iodopicolinate (200 mg, 0.683 mmol) was dissolved in a 1:1 v/v mixture of ethanol:water (6 mL) and NaOH (2M, 0.5 mL) was added dropwise. The solution was stirred at room temperature for 1 h. The ethanol was removed under reduced pressure and the aqueous layer was acidified to pH = 4 using a 2M HCl solution until a white precipitate was formed. General Sonogashira cross coupling reaction: The compound S-2b (100 mg, 0.262 mmol) was dissolved in anhydrous THF (2 mL) and the solution was degassed (freeze-thaw cycle) three times. The compound S-4a (91 mg, 0.256 mmol) was dissolved in anhydrous THF (2 mL) and NEt 3 (0.12 mL, 0.896 mmol) was added. The mixture was stirred at 5 °C and methanesulfonyl chloride (30 µL, 0.383 mmol) was added and the reaction stirred at rt for 30 minutes and monitored by TLC. The solvent was removed under reduced pressure and the residue dissolved in CH 2 Cl 2 (15 mL) and washed with NaCl solution (saturated, 15 mL). The aqueous layer was re-extracted with CH 2 Cl 2 (3 x 15 mL) and the organic layers were combined, dried over MgSO 4 , filtered and the solvent removed under reduced pressure to yield the compound S-5a, as a bright yellow oil (111 mg, 99%), which was used directly in the next step without further purification. TLC analysis R f = 0.75 (silica, 100%
The compound S-5d was obtained as a yellow oil (110 mg, 84%) according to the general mesylation 2,2' ), 113.9 (py-C 
